Introduction {#s0001}
============

Ischemic stroke is regarded as a complicated disease comprising of a group of heterogeneous disorders that result from various genetic and environmental risk factors.[@cit0001] Ischemic stroke often involves blood-brain barrier disruption in the infarct region, or a decline in local blood flow or metabolism.[@cit0002] Currently, the main clinical regimen for ischemic stroke depends on re-perfusing the ischemic area via drugs or early thrombolysis, thereby restoring oxygen and glucose supply,[@cit0003] which therefore gives rise to ischemic-reperfusion (I/R) injury.[@cit0004] Cerebral I/R injury is known as brain tissue deterioration as a result of ischemia, which simultaneously reverses the cerebral blood flow in patients with acute ischemic stroke following mechanical or chemical therapies.[@cit0005] Natural compounds with the functions of anti-inflammation, anti-oxidation, anti-apoptosis and calcium antagonization, as well as neurofunctional modulation, present either preventive or therapeutic roles on cerebral I/R injury.[@cit0006] However, it remains a tough issue to treat cerebral I/R injury.[@cit0007] Therefore, it is imperative to seek eligible therapy for cerebral I/R injury treatment.

Exosomes are small membrane vesicles with a diameter of 30--100 nm, which are released into the extracellular fluids via the cells in all the living systems.[@cit0008],[@cit0009] Exosomes have been revealed to alleviate oxygen-glucose deprivation (OGD)-stimulated inflammatory responses, neuronal death and the apoptotic signaling pathway changes.[@cit0010] Astrocytes (ATCs) are specific star-shaped glial cells that are responsible for extracellular ion balance, nutritional support, synaptic remodeling and blood-brain barrier formation.[@cit0011] ATC-secreted exosomes carry neuroprotective loads to execute neuroprotective function.[@cit0012],[@cit0013] Evidence has shown that microRNAs (miRNAs) are implicated in the etiology and progression of ischemic diseases, such as cerebral ischemia.[@cit0014] In the present study, the microarray analysis identified an enrichment of *miR-361* in ATC-derived exosomes. A previous study revealed that *miR-361*-modulated prohibitin suppresses mitochondrial fission and apoptosis, which protected the heart from ischemic injury.[@cit0015] *miR-361-5p* has been identified as one of the top five cerebral cavernous malformations-relevant miRNAs.[@cit0016] miRNAs are well known to induce translational repression by binding to their complementary target mRNAs.[@cit0017] The present study identified cathepsin B (*CTSB*) as a target of *miR-361*. *CTSB* is a lysosomal cysteine protease and leads to the neuronal cell death after focal and global cerebral ischemia in animal settings.[@cit0018] *CTSB* activation, under pathological conditions, can result in cellular apoptosis, autolysis, excessive autophagy, as well as damage to neighboring cells.[@cit0019] Therefore, the present study hypothesized that ATC-derived exosomal *miR-361* exerts protective roles in cerebral I/R injury, with both in vivo and in vitro experiments performed to validate the hypothesis and to identify the potential molecules.

Materials and Methods {#s0002}
=====================

Ethics Statement {#s0002-s2001}
----------------

Animals were treated humanely with the approved procedures based on the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was issued by the Institutional Animal Care and Use Committee of Zaozhuang Municipal Hospital (\#201803017).

ATC Culture and Treatment {#s0002-s2002}
-------------------------

Rat ATCs (RRID: CVCL_E150) were purchased from the Cell Biology Institute of Chinese Academy of Sciences (Shanghai, China). The medium was high-glucose DMEM containing 10% fetal bovine serum (FBS) (Gibco Company, Grand Island, NY, USA). *miR-361* inhibitor and miR-negative control (NC) were purchased from Shanghai GenePharma Co., Ltd. The inhibitor or NC vector was transfected into ATCs at a dose of 100 ng using a Lipofectamine^®^ 2000 transfection kit (Invitrogen; Thermo Fisher Scientific, Inc.). The cells were correspondingly named the ATC-Inhibitor group or ATC-Mock group. An equal volume of physiological saline was administered to ATCs as a blank group, which was named the ATC-Saline group. After 48 h of transfection, the cells were collected for subsequent experiments. The exosomes extracted from the ATC-Inhibitor group were termed Exo-Inhibitor, while those extracted from the ATC-Empty group were termed Exo-Mock.

Exosome Separation {#s0002-s2003}
------------------

ATCs at passage 2 to 3 in each group were washed twice with phosphate-buffered saline (PBS), and cultured for 48--72 h in serum-free medium instead of 10% FBS-supplemented one. Then, the cell supernatant was collected, and the exosomes were extracted by differential centrifugation.[@cit0020] All centrifugal steps were operated at 4°C and the other procedures were operated on ice. The precipitate was resuspended in PBS, followed by centrifugation another two times, and the precipitate, again, was resuspended in 50--100 μL PBS and stored at −80°C for use. The size and shape of the extracted exosomes were identified by Nanosight and transmission electron microscopy observation. Western blot analysis was used to identify exosomal marker proteins. Protein concentration of the extracted exosomes was determined by a bicinchoninic acid kit, and then the exosomes were diluted to 30 μg/mL in PBS for further use.

Western Blot Analysis {#s0002-s2004}
---------------------

The extraction of the total protein was performed via radio-immunoprecipitation assay lysis buffer embodying phenylmethylsulfonyl fluoride (Beyotime Institute of Biotechnology, Shanghai, China). The protein level in the supernatant was detected via the BCA method. Equal volumes of protein (50 mg) were separated via SDS-PAGE (10% gel) and then transferred onto the polyvinylidene fluoride (PVDF) membrane (EMD Millipore). The PVDF membranes were incubated with tris-buffered saline tween (TBST; Boster Biological Technology Co., Ltd.) supplemented with 5% skimmed milk to block the non-specific binding. Next, the membranes were cultured with the primary antibodies ([Table 1](#t0001){ref-type="table"}) at 4°C overnight, together with rabbit anti-rat secondary antibody for 1 h at room temperature. The proteins were developed in enhanced chemiluminescence reagent, and analyzed by BioSpectrum gel imaging system (Bio-Rad Laboratories, Inc.).Table 1Antibodies for Western Blot AnalysisAntibodyNo., CompanyDilution RatioAlixab117600, Abcam1: 100CD63ab217345, Abcam1: 100CD9ab92726, Abcam1: 100CD81ab79559, Abcam1: 5000GAPDHab181602, Abcam1: 50β-actinab179467, Abcam1: 5000Cleaved caspase-3ab2302, Abcam1:50Cleaved PARPab32064, Abcam1: 5000Secondary antibodyab150117, Abcam1: 5000[^1]

Experimental Animals and Modeling {#s0002-s2005}
---------------------------------

A total of 45 male Wister rats aged 6 weeks (weight, 150±20 g) were purchased from Experimental Animal Center of Chinese Academy of Sciences (Shanghai, China). The rats were placed in the second-class clean animal house, raised in separate cages with standard feed and free access to water. All the rats were randomly numbered and assigned into sham group, I/R group and exosome intervention group (Exo group), Exo-Mock group and Exo-Inhibitor group, with nine rats in each group. A rat model of cerebral I/R was constructed using a silica gel-coated nylon line (φ=0.028) as previously described.[@cit0021] The rats were fasted for 12 h before surgery with only access to water. The rats were anesthetized with pentobarbital sodium (30 mg/kg) and maintained with spontaneous respiration during the operation, and the rectal temperature was maintained at 36.5--37.5°C. The room temperature was maintained at 25°C during and after surgery.

The rats in the Exo group were injected with the corresponding exosomes. Each rat was given 2 mL exosomes (30 μg/mL) through the caudal vein twice a week for a total of 2 weeks. Rats in the sham group were injected into an equal volume of normal saline. Following evaluation of the neurological deficit score, rats were euthanized by the administration of pentobarbital sodium (120 mg/kg)[@cit0022] ([<https://www.avma.org/KB/Policies/Documents/euthanasia.pdf>]{.ul}). The animal death was confirmed by the cardiac arrest, the appearance of dilated pupils, and the loss of nerve reflexes. In each group, three rats were used for 2,3,5-triphenyltetrazole chloride (TTC) staining, three for edema in brain detection, and the left hemisphere of the remaining three rats were collected. Each left hemisphere was divided into two equal parts, one of each was used for RNA and protein extraction for reverse transcription-quantitative PCR (RT-qPCR) and Western blot analysis, while the other part was used for brain section preparation for Nissl staining, C-fos immunohistochemical staining and Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL) assays.

Evaluation of Neurological Damage in Rats {#s0002-s2006}
-----------------------------------------

The degree of neurological damage in rats was determined by neurological deficit score, TTC staining, degree of brain edema, and C-fos immunohistochemical staining. Neurological deficit score in rats: 24 h after blood reperfusion, neurological deficit in rats was determined by Longa scoring criteria.[@cit0021] The degree of edema in the brain was determined by the standard brain wet weight-brain dry weight.[@cit0023] The brain was weighed immediately following the extraction and then dried at 100°C for 24 h and weighed. The degree of edema in the brain was expressed by the formula: (Wet weight - dry weight)/wet weight x 100%. The area of cerebral infarction in rats was determined by TTC staining: Rat brain tissues were extracted, washed with normal saline, and cut into slices (3-mm). Then, the slices were exposed to 1% TTC solution (Oxoid) in the dark at 37°C, fixed in 10% formaldehyde and photographed, with the non-stained area regarded as the infarct area. The experimental procedure for C-fos immunohistochemical staining was performed as reported in the literature.[@cit0024]

Nissl Staining {#s0002-s2007}
--------------

A total of five slices were randomly selected for Nissl staining. The sections were rinsed three times with distilled water for 5 min each time, and then stained with 1% toluidine blue for 40 min (or stained with crystal violet for 30 sec) in a 60°C incubator for further use. After washing the dye with distilled water, the sections were dehydrated in 70%, 80%, 95% and 100% ethanol, and then cleared with xylene, and finally sealed with neutral gum. The sections were observed under a light microscope (Olympus Corporation).

In vitro Model of OGD/Reoxygenation (OGD/R) Mimicking I/R Injury in Mouse Neuroblastoma Cells {#s0002-s2008}
---------------------------------------------------------------------------------------------

Mouse neuroblastoma cell line PC12 was purchased from the Cell Biology Institute of Chinese Academy of Sciences (Shanghai, China). PC12 cells with good growth were divided into control group, OGD/R group, OGD/R-exosomes group (OGD/R-Exo group), OGD/R-Mock group (treated with exosomes that were transfected with Mock vector) and OGD/R-Inhibitor group (treated with exosomes that were transfected with *miR-361* inhibitor). After cell grouping, the culture medium of each OGD/R group was discarded, and the cells were washed once with sterile PBS, loaded into the prepared glucose-free DMEM, and cultured in a three-gas incubator for 2 h. Subsequently, the cells of each OGD/R group were removed and cultured in common medium (10% FBS + DMEM) in a common incubator (37°C; 5% CO~2~; saturated humidity). Cells were harvested 48 h later for subsequent experiments.

Microarray-Based Analysis {#s0002-s2009}
-------------------------

Differential expression of miRNA in rat hippocampus was analyzed using the GeneChip^TM^ miRNA 4.1 Array Strip (Thermo Fisher Scientific, Inc.), and all procedures were performed strictly according to the manufacturer's protocols.

RT-qPCR {#s0002-s2010}
-------

Total RNA from tissues and cells were acquired with the RNAiso Plus (Takara Bio, Inc. Kyoto, Japan) and TRIzol^®^ LS Reagent (Takara Bio, Inc.), respectively. Next, formaldehyde denaturation electrophoresis was adopted to confirm the reliability of the obtained RNA. RT-qPCR was implemented as per the manufacturer's protocol, using the PrimeScript™ RT reagent kit (Takara Bio, Inc.). The mRNA expression was determined by the protocol of the standard real-time qPCR with SYBR Premix Ex Taq (Takara Bio, Inc.) with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a loading control. The primers are presented in [Table 2](#t0002){ref-type="table"}.Table 2Primer Sequences of RT-qPCRPrimersSequences*miR-361*F: TCACACTATATCACATTGCCAGGR: TATGGTTGTTCTGCTCTCTGTCTCU6F: GACGAATGGAAGAGCCTGACR: ACGCTTCACGAATTTGCGTGTC*CTSB*F: AGATCCTGGGTGCAGACTTCR: GTAGAAAGGGCTGGGGAAGGAPDHF: ACAGTCAGCCGCATCTTCTTR: GACAAGCTTCCCGTTCTCAG[^2]

MTT Assay {#s0002-s2011}
---------

The cells with good growth in each group were assayed for cell proliferation using an MTT cell proliferation and cytotoxicity assay kit (C0009; Beyotime Institute of Biotechnology). All experiments were performed in strict accordance with the manufacturer's protocol. In brief, cells in each group were treated with 20 μL MTT (5 mg/mL; m6494; Invitrogen; Thermo Fisher Scientific, Inc.). Subsequently, the supernatant was discarded, cells were treated with DMSO, and the optical density at 490 nm was detected using an Infinite M200 microplate reader (Tecan Group Ltd.).

EdU Labeling Assay {#s0002-s2012}
------------------

The cells of each group at passage 3 with good growth conditions were used, and the DNA replication ability of the cells was measured using a Cell-light EdU luminescence detection kit (Guangzhou RiboBio Co., Ltd.) as per the kit's instructions. In brief, cells were seeded into 6-well plates and incubated with EdU for 60 min. Next, the cells were fixed in 4% paraformaldehyde for 20 min, treated with 3% Triton X-100, and analyzed using the Click-IT EdU software. Then, the cells were observed and photographed under a fluorescence microscope (Olympus 600), and the image was analyzed using an Image-Pro Plus software. The DAPI-positive cells (total cells) and the EdU-positive (DNA replicating) cells were calculated.

Flow Cytometry {#s0002-s2013}
--------------

A total of 1x10^4^ PC12 cells/well were made into a suspension and stained with 50 µg/mL Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) in the dark for 15 min. Then, the cell apoptosis was determined using an Annexin V apoptosis kit I (BD Biosciences) and a flow cytometer (Becton Dickinson).

TUNELWell-growing PC12 cells or the rat brain tissue sections were washed with D-Hank three times, and then the apoptosis of cells was further washed using a TUNEL apoptosis detection kit (Guangzhou RiboBio Co., Ltd.) as per the manufacturer's protocol. A total of five randomly selected areas were observed under the microscope, under which the TUNEL-positive cells present greenery nuclei. All procedures were performed in triplicate.

Dual-Luciferase Report Gene Assay {#s0002-s2014}
---------------------------------

The 3ʹuntranslated region (UTR) binding sequence of *miR-361* and *CTSB* was predicted by the online prediction software TargetScan ([<http://www.targetscan.org/vert_72/>]{.ul}). *CTSB* wild type (WT) and mutant type (MT) of 3ʹUTR binding sequence were synthesized by Shanghai Sangon Bioengineering Co., Ltd. and inserted into pMIR-REPORT^TM^ (Thermo Fisher Scientific, Inc.) luciferase reporter vector. WT and MT plasmids were co-transfected with *miR-361* mimic or mimic NC into H293T cells using Lipofectamine 2000 transfection kit (Invitrogen; Thermo Fisher Scientific, Inc.). After 24 h, the cells were lysed and the intensity of luciferase activity was measured using the Dual-Luciferase Reporter assay system (Promega Corp.).

Statistical Analysis {#s0002-s2015}
--------------------

The data were analyzed using SPSS 21.0 (IBM Corp.) statistical software. Whether the data were normally distributed was established using a Kolmogorov--Smirnov test. Measurement data were expressed as mean ± standard deviation and the data between the two groups was compared using a *t*-test. Comparison among multiple groups was analyzed with one-way or two-way analysis of variance (ANOVA), and Tukey's multiple comparisons test was utilized for the pairwise comparison after ANOVA. A P-value was obtained from a two-sided test, and P\<0.05 was considered to indicate a statistically significant difference.

Results {#s0003}
=======

Identification of ATCs and Exosomes {#s0003-s2001}
-----------------------------------

Following observation under light microscopy and glial fibrillary acidic protein (GFAP) immunofluorescence assay, the cells used in the present study met the definition of ATCs ([Figure 1A](#f0001){ref-type="fig"}). Subsequently, exosomes were extracted and the transmission electron microscopy observation (x40000) results revealed that the extracted exosomes exhibited a cup-shaped morphology ([Figure 1B](#f0001){ref-type="fig"}). The Nanosight nanoparticle tracking analysis results demonstrated that the exosome size was \~97.6 nm ([Figure 1C](#f0001){ref-type="fig"}). The Western blot analysis results suggested that exosomes were shown carrying CD9, CD63 and Alix ([Figure 1D](#f0001){ref-type="fig"}). The BCA detection suggested that the protein concentration of the extracted exosomes was 317.63 μg/mL. According to this, the exosomes were diluted to 30 μg/mL for subsequent use.Figure 1Identification of ATCs and exosomes. (**A**) Morphological analysis and immunofluorescence staining of ATC-specific marker GFAP showed that the cells we used were ATCs. (**B**) ATCs-derived exosomes were elliptical- or cup-shaped with a size of about 100 nm observed under a Transmission electron microscopy. (**C**) Nanosight nanoparticle tracking analysis indicated that the particle size was about 100 nm. (**D**) Exosome marker proteins CD9, CD63 and Alix determined by RT-qPCR. All experiments were performed three individual times.**Abbreviations:** ATC, astrocyte; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GFAP-FITC, glial fibrillary acidic protein-fluorescein isothiocyanate.

ATC-Derived Exosomes Reduce I/R-Induced Neurological Damage in Rats {#s0003-s2002}
-------------------------------------------------------------------

Through the neurological deficit assessment, it was revealed that exosome treatment reduced I/R-induced neurological damage in rats, presenting as decreased neurological deficit scores ([Figure 2A](#f0002){ref-type="fig"}). TTC staining showed a significant decline in cerebral infarct size after exosome treatment ([Figure 2B](#f0002){ref-type="fig"}). The determination of water content in the brain of rats revealed that exosome treatment decreased the degree of cerebral edema caused by I/R ([Figure 2C](#f0002){ref-type="fig"}). Subsequently, the present study used Nissl staining to assess neuronal damage in rat brain tissue;[@cit0025] where a larger number of Nissl bodies reflect a higher neuronal activity. It was revealed that the number of Nissl bodies in the injured neurons was significantly decreased. Nissl staining showed that I/R treatment aggravated brain damage, while exosome treatment could alleviate the damage caused by I/R ([Figure 2D](#f0002){ref-type="fig"}). In addition, C-fos[@cit0026] represents a neuroactive protein. C-fos is a member of the AP-1 family that is known to be involved in the regulation of neuronal viability and necessary for neuron survival.[@cit0027] Therefore, the present study further investigated C-fos expression by immunohistochemistry staining, and the results showed that exosome treatment re-increased the C-fos level, which increased neuronal viability in rat brain ([Figure 2E](#f0002){ref-type="fig"}). Furthermore, TUNEL assay was used to detect the apoptosis level in hippocampus after I/R in rats. The results revealed that exosome treatment partially reversed the apoptosis of hippocampal neurons induced by I/R ([Figure 2F](#f0002){ref-type="fig"}).Figure 2ATC-derived exosomes reduce I/R-induced neurological damage in rats. (**A**) After the injection of 30 μg/mL Exo in the I/R group, the neurological deficit score was used to evaluate the effects of ATC-derived exosomes on neurocognitive function in rats. (**B**) TTC staining was used to calculate the cerebral infarct size in rats treated with exosomes. (**C**) The degree of cerebral edema was detected in rats treated with exosomes. (**D**) Nissl staining was used to detect the number of Nissl's body in rat brain tissue. (**E**) Detection of nerve activity in rats in each group by c-fos immunohistochemistry. (**F**) Detection of neuronal apoptosis in rats in each group by TUNEL. All experiments were performed three individual times; Data are expressed as mean ± standard deviation. One-way ANOVA and Tukey's multiple comparison test were used to determine statistical significance. \**P* \< 0.05, \*\**P* \< 0.01 vs the Sham group; ^\#^*P* \< 0.05 vs the I/R group.**Abbreviations:** ANOVA, analysis of variance; ATC, astrocyte; Exo, exosome; I/R, ischemic-reperfusion; TTC, 2,3,5-triphenyltetrazole chloride; TUNEL, terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling.

ATC-Derived Exosomal *miR-361* Protects I/R Injury {#s0003-s2003}
--------------------------------------------------

With the aim of clarifying the mechanism of specific exosome protection, the present study used microarray to analyze the differential expression of miRNAs after exosome treatment. Based on \|LogFC\| \>2, *P* \< 0.05, the present study obtained a total of 42 differentially expressed miRNAs, of which 18 were upregulated and 24 were downregulated. The heatmap revealed the top 30 differentially expressed miRNAs ([Figure 3A](#f0003){ref-type="fig"}). *miR-361*, which had the most differential expression, was selected to detect its expression level in hippocampus of each group by RT-qPCR. The results showed that the expression level of *miR-361* was significantly increased following exosome treatment ([Figure 3B](#f0003){ref-type="fig"}). To further determine the role of *miR-361*, the present study transfected *miR-361* inhibitor (miR-Inhibitor) into ATCs. The results of RT-qPCR confirmed that the transfection was successful since the *miR-361* expression in ATC was decreased after miR-inhibitor treatment ([Figure 3C](#f0003){ref-type="fig"}). Subsequently, exosomes were extracted, and the expression of *miR-361* in ATCs and exosomes was detected by RT-qPCR. The expression of *miR-361* in the exosome of the miR-Inhibitor group was significantly decreased ([Figure 3D](#f0003){ref-type="fig"}). Furthermore, I/R rats were treated with *miR-361* Inhibitor-transfected exosomes (ATC-inhibitor-exo). The results showed that decreasing exosome-loaded *miR-361* partially reversed the neuroprotective effect of ATC-derived exosomes on I/R rats. Inhibition of *miR-361* led to an increase in neurological deficit in rat brains ([Figure 3E](#f0003){ref-type="fig"}), and an aggravation in edema in rat brains ([Figure 3F](#f0003){ref-type="fig"}). The TTC staining results showed that the infarct size in rat brain tissues was increased ([Figure 3G](#f0003){ref-type="fig"}). Again, the number of Nissl bodies in brain hippocampal tissues was declined ([Figure 3H](#f0003){ref-type="fig"}), and the expression of c-fox protein was decreased ([Figure 3I](#f0003){ref-type="fig"}), but the number of TUNEL-positive cells was increased after *miR-361* inhibition ([Figure 3J](#f0003){ref-type="fig"}).Figure 3ATC-derived exosomal *miR-361* protects I/R injury. (**A**) We first used microarray to analyze the expression of differentially expressed miRNAs in PC12 cells treated with ATC-derived exosomes. (**B**) RT-qPCR was used to detect the expression levels of *miR-361*, miR-87, miR-139, miR-256 and miR-1055 in PC12 cells to verify the accuracy of transcriptome data. (**C, D**) Exosomes were extracted after transfection of *miR-361* inhibitor or corresponding NC in ATCs. RT-qPCR was used to detect the expression of *miR-361* in ATCs and exosomes. (**E**) I/R rats were treated with exosomes transfected with *miR-361* inhibitor or empty, at a dose of 30 μg/mL. The effect of the intervention of *miR-361* expression on the neurocognitive function of the rats was assessed by neurological deficit score. (**F, G**) The infarct size and cerebral edema degree of rats treated with *miR-361* inhibitor-transfected exosomes were calculated by TTC staining. (**H**) Nissl staining used to detect the number of Nissl's body in rat brain tissue. (**I**) Detection of nerve activity in rats in each group by c-fos immunohistochemistry. (**J**) Detection of neuronal apoptosis in rats in each group by TUNEL assay. All experiments were performed three individual times; Data are expressed as mean ± standard deviation. One-way ANOVA and Tukey's multiple comparison test were used to determine statistical significance. \**P* \< 0.05, \*\**P* \< 0.01 vs the Exo-Mock group.**Abbreviations:** ANOVA, analysis of variance; ATC, astrocyte; Exo, exosome; miR, microRNA; I/R, ischemic-reperfusion; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; TTC, 2,3,5-triphenyltetrazole chloride; TUNEL, terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling.

ATC-Derived Exosomes Promote Activity of OGD/R-Treated PC12 Cells {#s0003-s2004}
-----------------------------------------------------------------

The effect of simulating I/R at the cellular level was treated by the OGD/R method.[@cit0028] The results of MTT assay revealed that the activity of cells in the OGD/R group was significantly lower than that in the control group, but the activity of PC12 cells was significantly increased following treatment with 30 μg/mL of ATC-derived exosomes (OGD/R + Exo) ([Figure 4A](#f0004){ref-type="fig"}). The EdU staining results suggested that exosome treatment promoted the proliferation of PC12 cells ([Figure 4B](#f0004){ref-type="fig"}). Cell apoptosis was detected by flow cytometry with Annexin V-FITC/PI labeling. The results indicated that the addition of exosomes significantly inhibited cell apoptosis induced by OGD/R treatment ([Figure 4C](#f0004){ref-type="fig"}). Western blot analysis was performed to determine the contents of apoptosis-associated proteins Bax, Cleaved Caspase-3 and Cleaved poly-ADP-ribose polymerase (PARP) in each group, and the obtained results demonstrated that the apoptotic protein content was increased significantly following OGD/R treatment, but the contents of apoptosis-associated protein were decreased significantly following Exo treatment ([Figure 4D](#f0004){ref-type="fig"}). Furthermore, the present study performed TUNEL assay to observe the level of apoptosis and revealed that exosomal treatment decreased the amount of apoptosis in cells ([Figure 4E](#f0004){ref-type="fig"}).Figure 4ATC-derived promotes OGD/R-treated PC12 cell activity. (**A**) Cells were treated with OGD/R to simulated I/R at a cellular level. Measurement of cell viability using MTT assay after addition of 30 μg/mL Exo to PC12 cells in the OGD/R group. (**B**) Detection of the number of proliferating cells by EdU staining. (**C**) After PI/Annexin V FITC double-labeling, the number of apoptosis was detected by flow cytometry. (**D**) Western blot analysis was performed to determine the contents of apoptosis-related proteins Bax, Cleaved Caspase-3 and Cleaved PARP in each group. (**E**) Apoptosis of PC12 cells in each group was detected by TUNEL assay. All experiments were performed three individual times; Data are expressed as mean ± standard deviation. One-way ANOVA and Tukey's multiple comparison test were used to determine statistical significance. \**P* \< 0.05, \*\**P* \< 0.01 vs the Control group; \#*P* \< 0.05 vs the OGD/R group.**Abbreviations:** ANOVA, analysis of variance; ATC, astrocyte; Bax, Bcl-2-associated X; EdU, 5-ethynyl-2ʹ-deoxyuridine; Exo, exosome; I/R, ischemic-reperfusion; FITC, fluorescein isothiocyanate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MTT, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide; OGD/R, oxygen-glucose deprivation/reoxygenation; PARP, poly (ADP-ribose) polymerase; PI, propidium iodide; TUNEL, terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling.

ATC-Derived Exosomal *miR-361* Increases Activity of OGD/R-Treated PC12 Cell {#s0003-s2005}
----------------------------------------------------------------------------

Following treatment of PC12 cells with exosomes transfected with *miR-361* inhibitor, OGD/R treatment was performed, followed by RT-qPCR to detect the expression of *miR-361* in PC12 cells in each group, and the results revealed that the expression of *miR-361* was significantly decreased ([Figure 5A](#f0005){ref-type="fig"}). Again, the decrease in *miR-361* carried by exosomes partially reversed the protective effect of exosomes on OGD/R-treated cells. In detail, the viability of PC cells was decreased when *miR-361* was inhibited ([Figure 5B](#f0005){ref-type="fig"}), and the number of EdU-positive cells was also decreased ([Figure 5C](#f0005){ref-type="fig"}). Inhibition of *miR-361* in ATC-derived exosomes led to an increase in cell apoptosis according to the flow cytometry ([Figure 5D](#f0005){ref-type="fig"}). In addition, the expression levels of pro-apoptotic factors including Bax, Cleaved caspase-3 and Cleaved PARP were increased ([Figure 5E](#f0005){ref-type="fig"}). The TUNEL results also suggested an increase in the number of apoptotic cells after *miR-361* inhibition ([Figure 5F](#f0005){ref-type="fig"})Figure 5ATC-derived exosomal *miR-361* increases OGD/R-treated PC12 cell activity. (**A**) OGD/R-treated PC12 cells were treated with exosomes transfected with *miR-361* inhibitor or Mock at a dose of 30 μg/mL, and the expression of *miR-361* in each group was detected by RT-qPCR. (**B**) Measurement of cell viability using MTT assay. (**C**) Detection of number of proliferating cells by EdU staining. (**D**) After Annexin V-FITC/PI labeling, the number of apoptosis was detected by flow cytometry. (**E**) Western blot analysis was performed to determine the contents of apoptosis-related proteins Bax, Cleaved Caspase-3 and Cleaved PARP in each group. (**F**) Apoptosis of PC12 cells in each group was detected by TUNEL assay. All experiments were performed three individual times; Data are expressed as mean ± standard deviation. One-way ANOVA and Tukey's multiple comparison test were used to determine statistical significance, while in panel B and F, two-way ANOVA was used. \**P* \< 0.05, \*\**P* \< 0.01 vs the OGD/R-Mock group.**Abbreviations:** ANOVA, analysis of variance; ATC, astrocyte; Bax, Bcl-2-associated X; DAPI, 4ʹ,6-diamidino-2-phenylindole; EdU, 5-ethynyl-2ʹ-deoxyuridine; Exo, exosome; FITC, fluorescein isothiocyanate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; miR, microRNA; MTT, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide; OGD/R, oxygen-glucose deprivation/reoxygenation; PI, propidium iodide; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; PARP, poly (ADP-ribose) polymerase; TUNEL, terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling.

*miR-361* Plays a Neuroprotective Role by Targeting *CTSB* {#s0003-s2006}
----------------------------------------------------------

To further determine the downstream mechanism of *miR-361*, the present study used TargetScan to predict the potential target gene, *CTSB* ([Figure 6A](#f0006){ref-type="fig"}). Subsequently, the present study performed a dual-luciferase reporter gene assay and the results demonstrated that *miR-361* could target the 3ʹ-UTR sequence of *CTSB* ([Figure 6B](#f0006){ref-type="fig"}). We found that after OGD/R treatment, the *CTSB* expression in PC12 cells was notably increased ([Figure 6C](#f0006){ref-type="fig"}). ATC-derived exosomes significantly inhibited *CTSB* expression, but this inhibition was blocked when *miR-361* was suppressed ([Figure 6D](#f0006){ref-type="fig"}). Next, in order to determine the involvement of *CTSB* in the neuroprotective events mediated by *miR-361*, the present study performed a functional rescue experiment by overexpressing *CTSB* in exosomal-treated PC12 cells. The results revealed that in OGD/R-treated PC12 cells, overexpression of *CTSB* partially offsets the protective effect of exosomes on PC cells. The viability and proliferation of PC12 cells were decreased after CTSB overexpression ([Figure 6E](#f0006){ref-type="fig"} and F), and the number of EdU-positive cells was decreased ([Figure 6G](#f0006){ref-type="fig"}). In addition, the flow cytometer results also found that the number of apoptotic cells was notably increased ([Figure 6H](#f0006){ref-type="fig"}), and the protein levels of Bax, Cleaved Caspase-3 and Cleaved PARP were increased upon *CTSB* overexpression ([Figure 6I](#f0006){ref-type="fig"}).Figure 6*miR-361* plays a neuroprotective role by targeting *CTSB*. (**A**) Starbase suggests that *miR-361* targets the 3ʹ-UTR sequence of the *CTSB* gene. (**B**) Dual-luciferase reporter gene assay was conducted to verify the target relationship between *miR-361* and *CTSB*. N = 3; \* compares to WT-negative control group. (**C, D**) *CTSB* mRNA and protein levels in each group of cells. N = 3; \* compares to Control group; \# compares to OGD/R group; @ compares to OGD/R-Mock group. *CTSB* overexpression vector or the empty vector (EV) were transfected into exosome-treated PC12 cells, and the cells were treated with OGD/R. (**E**) measurement of cell proliferation by flow cytometry. (**F**) Measurement of cell viability using MTT assay. (**G**) Detection of the number of proliferating cells by EdU staining. (**H**) After Annexin V-FITC/PI labeling, the number of apoptosis was detected by flow cytometry. (**I**) Western blot analysis was performed to determine the contents of apoptosis-related proteins Bax, Cleaved Caspase-3 and Cleaved PARP in each group. All experiments were performed three individual times; Data are expressed as mean ± standard deviation. One-way ANOVA and Tukey's multiple comparison test were used to determine statistical significance, while in panel D, F and I, two-way ANOVA was used. \**P* \< 0.05, \*\**P* \< 0.01 vs the OGD/R-Exo + EV group.**Abbreviations:** ANOVA, analysis of variance; Bax, Bcl-2-associated X; *CTSB*, cathepsin B; EdU, 5-ethynyl-2ʹ-deoxyuridine; EV, empty vector; FITC, fluorescein isothiocyanate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; miR, microRNA; MT, mutant type; MTT, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide; OGD/R, oxygen-glucose deprivation/reoxygenation; PI, propidium iodide; PARP, poly (ADP-ribose) polymerase; WT, wild type.

ATC-Derived Exosomal *miR-361* Downregulates *AMPK/mTOR* Signaling Pathway by Targeting *CTSB* {#s0003-s2007}
----------------------------------------------------------------------------------------------

The present study used RT-qPCR and Western blot analysis to detect the activation level of the *AMPK/mTOR* signaling pathway in rat brain tissues and PC12 cells. It was revealed that I/R treatment promoted the mRNA and protein levels of *AMPK/mTOR* signaling pathway cytokines in rat brain tissues. The exosome treatment reduced the activation in brain tissues, but this reduction was blocked when *miR-361* was inhibited ([Figure 7A](#f0007){ref-type="fig"} and [B](#f0007){ref-type="fig"}). Similarly, activation of *AMPK/mTOR* was observed in OGD/R-treated PC12 cells. Exosome treatment was found to suppress the mRNA and protein levels of *AMPK* and *mTOR* in cells. But these changes were reversed when upon miR-161 inhibition ([Figure 7C](#f0007){ref-type="fig"} and [D](#f0007){ref-type="fig"}).Figure 7ATC-derived exosomal *miR-361* downregulates *AMPK/mTOR* signaling pathway by targeting *CTSB*. (**A, B**) Detection of mRNA and protein levels of *AMPK* and *mTOR* in rat brain tissue by RT-qPCR and Western blot analysis, respectively. (**C, D**) Detection of mRNA and protein levels of *AMPK* and *mTOR* in PC12 cells by RT-qPCR and Western blot analysis, respectively. All experiments were performed three individual times; Data are expressed as mean ± standard deviation. One-way ANOVA and Tukey's multiple comparison test were used to determine statistical significance, while in panel B and D, two-way ANOVA was used. N = 3; \* compares to the Sham or Control group; \# compares to I/R or OGD/R group; @ compares to Empty or OGD/R-Empty group. \**P* \< 0.05, ^\#^*P* \< 0.05, ^@^*P* \< 0.05.**Abbreviations:** *AMPK/mTOR*, AMP-activated protein kinase/mammalian target of rapamycin; ANOVA, analysis of variance; ATC, astrocyte; *CTSB*, cathepsin B; Exo, exosome; I/R, ischemic-reperfusion; miR, microRNA; OGD/R, oxygen-glucose deprivation/reoxygenation; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.

Discussion {#s0004}
==========

Various miRNAs have been demonstrated to be loaded by exosomes, which have been revealed to play roles in both inflammation and neuron injury.[@cit0029] Evidence has also revealed that exosomes secreted from ATCs exhibit protection in Huntington's disease.[@cit0030] Nevertheless, the functions of ATC-derived exosomes and the transfer of the cargo of exosomal protein and RNA have rarely been investigated in cerebral I/R injury. Based on this, the present study aimed to elucidate this issue.

The results of the present study suggested that ATC-derived exosomes decrease I/R-induced neurological damage in rats. In addition, ATC-derived exosomes promote OGD/R-treated PC12 cell activity while inhibiting its apoptosis. It is reported that exosomes are of significance in intercellular communication in the brain through the transfer of the cargo of exosomal protein and RNA between both source and target cells.[@cit0031] The function of exosomes in cardioprotection reflects the exosomes' common function in tissue repair, and varying cell types secret exosomes, which are proprietary for the specially appointed type of cells or injuries.[@cit0032] Meanwhile, a study has indicated that exosomes have the ability to repair injured tissue, including myocardial I/R injury.[@cit0033] Given their unique properties, such as high delivery efficiency, innate stability, low immunogenicity, as well as the ability to cross the blood-brain barrier, exosomes play vital parts in treating cerebral ischemia. However, the insufficient targeting capability of exosomes restricts their clinical applications.[@cit0034] Exosomes have been demonstrated to be released from numerous types of cells, such as neurons and ATCs. It is suggested that amyloid-β abates the release of exosomes from ATCs through enhancing JNK phosphorylation.[@cit0035] As previously described, ATC-derived exosomes have a protective role in hypoxic-ischemic neurons.[@cit0036] Other articles have demonstrated that ATCs with Aβ peptides treatment, or ATCs-exosomes in mice overexpressing mutant copper-zinc SOD1, are able to induce ATC apoptosis and motor neuron death, respectively.[@cit0037],[@cit0038]

The present study also revealed that ATC-derived exosomal *miR-361* protects I/R injury. Exosomes secreted from various cells could stimulate neuroprotection and neurorestorative functions through regulating gene, protein and miRNA expression in their target tissues and cells.[@cit0039] It has been revealed that the modulation of *miR-361* expression also influences mitochondrial fission, apoptosis, as well as myocardial infarction.[@cit0015] *miR-361-5p*, one of the important miRNAs, has been shown to act as a tumor inhibitor in various types of tumor.[@cit0040] Zhang et al have reported that *miR-361-5p* contributes to suppressed epithelial-to-mesenchymal transition in glioma cells via targeting Twist1.[@cit0041] Wang et al. suggested that *miR-361-5p*/vascular endothelial growth factor-dependent regulation could be new therapeutic modalities both for ischemia-associated diseases and for tumor angiogenesis.[@cit0042] In addition, *miR-361* has been identified as an apoptosis promoter regarding cancer cells in several malignancies,[@cit0043],[@cit0044] though, it has been documented to decrease apoptosis of cardiomyocytes following myocardial I/R injury.[@cit0045] The present study identified a similar anti-apoptosis role of *miR*-*361* in neuronal apoptosis since knockdown of *miR-361* led to increased apoptosis of PC12 cells.

Furthermore, another finding was that ATC-derived exosomal *miR-361* downregulates *AMPK/mTOR* by targeting *CTSB*. *CTSB* is released from lysosomes in reperfusion-free acute focal ischemia, revealing that lysosomal destabilization could in part to lead to cerebral infarction.[@cit0046] Anagli et al. observed *CTSB* decrease and heat shock protein level decrease following cysteine protease inhibitor treatment, implying that the cysteine protease pathways are destructive at the beginning of ischemic brain injury.[@cit0047] Xing et al. also reported that the activated *CTSB* in an ischemic stroke model was markedly elevated following cortical ischemic stroke, and it may be a controller of poststroke secondary degeneration.[@cit0048] The *AMPK/mTOR* pathway is significant in autophagy modulation in response to both stress and glucose starvation. Augmenter of liver regeneration regulates autophagy level through the *AMPK/mTOR* pathway in renal I/R injury, which could function as an antioxidant protein.[@cit0049] However, these results require further verification due to the lack of relative documents.

Conclusion {#s0005}
==========

Overall, the present study highlights that ATCs-derived exosomal *miR-361* downregulates the *AMPK/mTOR* signaling pathway by binding to *CTSB* to decrease nerve damage caused by I/R ([Figure 8](#f0008){ref-type="fig"}). Therefore, exosomes may be utilized as a special targeted drug delivery vehicle. Furthermore, the present study could shed new light on the miRNA-based therapy for cerebral I/R injury.Figure 8The mechanistic diagram highlights that ATCs-derived exosomal *miR-361* downregulates *AMPK/mTOR* signaling pathway by binding to *CTSB* to reduce nerve damage caused by I/R.**Abbreviations:** ATC, astrocyte; miR, microRNA; *AMPK/mTOR*, AMP-activated protein kinase/mammalian target of rapamycin; *CTSB*, cathepsin B; I/R, ischemic-reperfusion.
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[^1]: **Abbreviations:** GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PARP, poly (ADP-ribose) polymerase; Abcam, Abcam Inc., Cambridge, MA, USA.

[^2]: **Abbreviations:** RT-qPCR, reverse transcription-quantitative polymerase chain reaction; miR, microRNA; CTSB, cathepsin B; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; F, forward; R, reverse.
